There is now ample evidence (Fenn and Cobb, 1935) that in electrically stimulated muscles of cats, rats, and frogs there is a loss of potassium in exchange for sodium and a gain in water. There is, however, no evidence that the same change occurs during voluntary contraction.
The results of these analyses are included in table 1 where data from both the control and exercised series are shown.
Four different muscles were analyzed from each hind leg of the rat. Nine rats were used in each series, the time after operation varying from one to seven days. The actual contents of denervated muscles are listed in the table as well as the differences between the denervated and the innervated muscles.
A plus sign indicates more potassium or water in the normally innervated muscle. -____-_--The significant points brought out by these data are best seen in t.able 2 where the average changes in potassium and water content for the dif'ferent muscles of the two series are tabulated?
In the control series it is seen that the denervated muscle contained uniformly more water and slightly more potassium than the innervated muscle.
The increased water may be due to an increased filtration of water from the capillaries as a result of The gain in potassium by the denervated gastrocnemius is much greater than that observed in the other three muscles, presumably indicating that this antigravity muscle is particularly active in cage life. In the exercised series, all the innervated muscles gained water and lost potassium.
The loss of potassium was greater in every case than the loss on the control side, although the difference is not certainly significant in every case (cf. gastrocnemius and tibialis). This may be taken to mean that!, for the muscles concerned, the exercise of swimming is proportionately greater than the exercise involved in walking around the cage. Apparently, by this technique, it is only possible to compare two different degrees of exercise; it is not possible to obtain for analysis a completely resting and still normally innervated muscle.
The interpreta- A minus sign indicates less water or potassium in the normal or exercised muscle than in the corresponding denervated muscle. Quantities are in milli-equivalents of potassium or cubic centimeters of water per 100 grams of dry muscle. tion of these data can only be improved by knowing quantitatively the amount of exercise involved in each muscle in the two series. Comparison of the figures in table 1 will show that the results were not entirely uniform in different rats. The variations are particularly marked in the potassium differences in the control series where some rats showed gains and some losses, most of them being small, however, and probably accounted for by the errors of the method. Other causes of variation in the exercised series will be discussed later.
It is instructive to average together the analyses obtained from all four muscles of each rat. The results are shown in table 3. The figures in the control series show the changes resulting from denervation at various times after operation. Some similar figures recalculated from Hines and 2 The difference in potassium may also be accounted for in part by an excessive activity of the one normal leg after the other has been denervated. For the sake of uniformity, the signs refer to the normally innervated muscles so that a minus sign indicates a loss by the innervated or a gain by the denervat,ed muscle. The figures show that after denervation the muscles usually gain water for reasons already suggested. This is true during the first week, as well as after longer times when atrophy is pronounced, as shown by Hines and Knowlton,
The potassium figures show, however, that during the first week the denervated muscles gain potassium, possibly due to lack of exercise, while after this time there is uniformly a loss of potlassium corresponding to the atrophy.
This initial gain in potassium was overlooked by Hines and Knowlton, who had only one figure during the first week. This one figure, obtained three days after denervation, showed a small loss of potassium instead of the uniform gain which is shown by the first, seven of the rats in our series.
The figures from the exercised series in table 3 make possible cer6ain suggestive correlations between the duration of the swim (last column) or other features of the exercise period and the chemical changes observed. Rats 1 (a) and 4(b) ( numbers used to indicate also the number of days since operation) gained the least water on exercise, rat l(a) showing actually a loss of water in all four exercised muscles.
Unlike the other animals, neither of these rats was exhausted when killed, and they swam the longest of any of the rats with the exception of 7(c), which gained the next smallest amount of water.
Thus, a small gain of water seem; to be covelated with a long swim or low jatigability.
An actual loss of water on exercise, as in all four muscles of rat l(a) is surprising, but we have observed a similar loss of water from rat muscles stimulated electrically for a period of three hours when no water was supplied to the rat (Fenn and Cobb, 1936) . In general, the rats which swam at ZOOC. seemed to become exhausted more rapidly than those which swam at 30°C. and the Longer the exercise, the greater the loss of potassium.
Thus, if the rats are arrangedin order of the duration of swim, it will be found that the losses of potassium are in the same order, with the exception of rats 3 and 7(c). In rat 3, the duration of the swim was listed as 15 minutes, but this was divided into two periods separated by an hour, so that the exercise period was in effect longer, which may explain the slightly greater loss of potassium in this rat. In rat 7(c) the loss of potassium is too low to fit into the sequence of the other rats. This may well be experimental error, or it may be due to an incipient atrophy and loss of potassium from the denervated muscle, since the control series shows some such effect after seven days. In general, however, there seems to be little difference between rats during the first seven days after operation so far as the control series is concerned, while the exercise series shows a fairly good correlation with the duration of exercise. The experimental error is so large, however, that in a small series of this sort the relations cannot be regarded as proved. Each figure is the difference in average contents of four pairs of muscles from one rat. All figures are calculated per 100 grams of dry muscle. A plus sign indicates more potassium or water on the innervated than on the denervated side.
Rats l(a) and 4(b) were described as "not exhausted" when killed. Rats 2 and 3 swam first for 10 minutes at 20°C.; then 10 minutes and 5 minutes, respectively, at 30°C. an hour later.
Rat 7(a) (250 gm.) and 4(a) were large ones; rat 7(a) was the smallest (101 gm.). All were males except 7(b) and 7(c). Left sciatic was cut in three rats; otherwise the right. The averages for the normal muscles are, of course, slightly different in absolute values, but the water contents of the different muscles are in the same order.
The probable errors of the means show that at least the larger differences between different muscles are just significant.
These differences are presumably due to varying amounts of connective tissue which were included in the samples.
The figures for normal muscles suggest that there is more potassium in the muscles which contain the most water. This would be expected if osmotic pressures are equal in the different muscles, since potassium is the chief cation present.
The averages for normal muscles in table 4 include one experiment not list,ed in table 1, and hence the values are slightly different from those given in table 1. In this control experiment the rat was operated in the usual way, the sciatic on one side being exposed but not cut, the other side remaining intact.
Subsequent analyses of the muscles showed no differences; the average of seven analyses for potassium was 47.9 m.-eq. per cent! dry weight on both sides, the corresponding water contents being 334 cc. per cent dry weight on the intact side and 337 cc. on the operated side.
SUMMARY
Rats with one sciatic nerve cut were exercised by swimming. The muscles sampled immediately afterwards and analyzed showed that voluntary contractions produced an increase in wat,er content and a decrease in potassium.
In general the muscles of rats which swam the longest and were least quickly fatigued lost the most potassium but gained the least wat*er . Muscles sampled a few days aft'er denervation showed a slight gain in potVassium, presumably because of the lack of activity. I am much indebted t,o Miss Doris M. Cobb for assistance in these experiments.
